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I. INTRODUCTION
Engineers continuously strive to reduce the costs of aircraft propulsion, on both the economic and ecological points of view. A first solution is to increase the efficiency of aircraft engines, particularly in increasing the overall pressure ratio of compressors. A second solution is to decrease the weight of aircraft engines, especially in reducing the number of compressor stages. These result in an increase of the compressor blade loading. However, the compressor blade loading is extremely limited by many 3-D flow losses in compressors, such as boundary layers, flow separations, leakages, and shocks. 1, 2 During the last decades, the impact of corner separation in reducing the blade loading has been emphasized by many researchers, such as Dong et al., 3 Schulz et al., 4 Yocum and O'Brien, 5 Hah and Loellbach, 6 Gbadebo et al., 7 Lei, 8 Choi et al., 9 and Lewin et al. 10 A corner separation forms at the junction between an end-wall (hub or casing) and a blade suction surface. It is closed off by limiting streamlines on walls, and a separation vortex is formed on the end-wall near the trailing edge, as sketched in Fig. 1 . The main mechanisms of corner separations are: 11 (i) strong adverse pressure gradients, (ii) secondary flows within the passage, (iii) the mixing of the boundary layers on both the end-wall and the blade suction surface, and (iv) a possible horseshoe vortex (when the blade leading edge is thick). 12 Corner separations are also influenced by many parameters, such as compressor loading, 7 inflow boundary layers, 13 free-stream turbulence intensities, 14 clearance flows, 15 Reynolds number, 16 Mach number, 17 surface roughness, 16 and real blade geometries. 18 As corner separations can reduce the compressor efficiency and can lead to negative consequences, it is requested to control or reduce corner separations.
Some flow control strategies have been investigated on specific blades by researchers. [19] [20] [21] [22] But, it is still very difficult to define an effective strategy for controlling corner separations. There are probably two main reasons:
• The mechanisms of corner separations are not yet very clearly understood, particularly the parameters controlling the onset and the size of separations. 7 • With the rapid development of the computer resources, computational fluid dynamics (CFD) codes based on RANS (Reynolds-averaged Navier-Stokes) equations have integrated turbomachinery design processes. But the conventional RANS turbulence models are very limited in predicting compressor corner separations. Therefore, the control strategies which are developed using these turbulence models are not always reliable. [23] [24] [25] In order to realize a control strategy, it is required to settle these two problems above. A series of experimental work has been previously conducted by some of the current authors. 26 Accurate and detailed measurements have been achieved by a hot-wire anemometry, static pressure tubes, a five-hole probe, a Laser-Doppler anemometry (LDA), and a Particle Image Velocimetry (PIV). A bimodal phenomenon is for the first time, as believed by the authors, measured in an internal flow corner separation configuration without leakages. Furthermore, with the experimental data, the authors also studied the outer peak appeared on the profile of streamwise Reynolds stress and inferred that the adverse pressure gradient is not a trigger for the appearance of the outer peak but can accelerate it. 27 Insights have been brought by the experiment, but they are still limited by the measurement technologies to illustrate structures of the corner separation as well as the turbulent characteristics within the corner separation region.
Validated numerical results are then desired to interpret the singular phenomenon observed in the experiment, in combination with the experimental data. Also, they are needed to provide more insights into the mechanisms where experimental technologies are limited.
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RANS solves the Reynolds-averaged Navier-Stokes equations and demands moderate computational resources. But the results are highly dependent on the choice of the turbulence modeling. Some conventional RANS models, such as the Spalart-Allmaras (SA) model and the standard Wilcox k − ω, are found to over predict the corner separation. 23, 25 These models were constructed and validated in simple boundary layer flows, so they often fail to reproduce flow fields under complex geometries with reversed flows. Large-eddy simulation (LES), an alternative between the direct numerical simulation (DNS) and RANS, permits the reduction of costs (compared to DNS) and investigations of turbulent flow characteristics. Just as the name implies, the large-scale turbulent eddies are directly solved, while the small-scale ones are modeled by subgrid-scale (SGS) models. Fortunately, with the rapid development of computer technologies, it becomes possible to use LES to investigate the flow mechanisms of complex geometries. [28] [29] [30] In addition, LES has proven to be capable to predict turbomachinery flows. 31 Therefore, the main content of the paper is to conduct a LES to simulate the corner separation found in the previous experimental work 26 (Section III), and then to validate it with the experimental data (Section IV). Finally, the validated LES results are used to analyse the turbulent dynamics within the corner separation region (Section V).
II. CONFIGURATION AND AVAILABLE EXPERIMENTAL RESULTS
Before getting into the numerical validation and analysis, let us recall the experimental configuration and the measurements previously conducted by Ma et al.
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The test rig used in the experimental investigation is a linear compressor cascade consisting of 13 modified NACA65 blade profiles, as shown in Fig. 2 , with the parameters listed in Table I . The free-stream velocity in the wind tunnel is set to U ∞ = 40.0 m/s to yield a blade-chord based Reynolds number Re c = 3.82 × 10 5 . The turbulence intensity is about 0.8% in the free-stream. The focus is put on the incidence angle of 4
• in this paper, since in this configuration, a significant corner separation is observed. In order to investigate the corner separation as encountered in compressors without the impact of laminar-turbulent transition processes and to reduce difficulties for numerical simulations, tripping bands (3.0 mm wide by 0.3 mm thick, located at 6.0 mm from the leading edge) are used in the experiment on both the pressure and suction sides, 32 as suggested by Evans.
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Since the classic RANS models consider the flow to be fully turbulent, the tripping bands also allow the RANS simulations to simulate the mean flow without transition problems. The available experimental results are listed in Ref. 26 .
III. NUMERICAL METHODS
In this paper, a LES is carried out in order to investigate the turbulent characteristics of the corner separation. The simulation is performed using an in-house finite-volume compressible N-S equation solver Turb'Flow 31,34 developed in LMFA (at École Centrale de Lyon). The shear-improved Smagorinsky model (SISM) model of Lévêque et al. 35 is used to estimate the SGS eddy viscosity. This model has been devised from the analysis of the scale-by-scale energy budget of locally homogeneous shear turbulence. It is thus grounded on physical considerations. Furthermore, its formulation is simple and its computational cost is moderate. It has been applied to complex flows, such as a cylinder flow 36 or the tip-flow of a fan. 31 The SISM model is inspired by the original Smagorinsky model, with an additional term related to the mean shear magnitude |⟨ S⟩|, as given in Eq. (1),
with C s = 0.18 denoting the standard Smagorinsky constant and ∆ representing the grid spacing (computed as the cube root of the grid cell volume). The magnitude of the resolved strain rate | S| is computed as
It is important to note that the model uses the difference of the magnitudes of strain (resolved and mean), and not the magnitude of the difference. The angular brackets ⟨ ⟩ a priori denote an ensemble average, but is practically represented by an exponential smoothing in the present work, following the work of Cahuzac et al.
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Under this conception, the SGS eddy viscosity can encompass two kinds of interactions: 35, 36 (i) interactions between the mean velocity gradient and the resolved fluctuating velocities (the rapid part of the SGS fluctuations 37 ) and (ii) interactions between the resolved fluctuating velocities themselves (the slow part of the SGS fluctuations). The rapid part is associated with the large-scale eddy distortion, and the slow part corresponds to the Kolmogorov energy cascade.
A. Numerical schemes
A 4-point centered spatial scheme (Jameson et al. 38 ) is used for the inviscid fluxes discretization, with a fourth-order artificial viscosity (viscosity coefficient: 39 0.002). This enables to damp spurious grid-to-grid oscillations, with a moderate level of numerical dissipation. The viscous fluxes are interpolated by a 2-point centered scheme.
A three-step Runge-Kutta scheme with a global constant time step 2.5 × 10 −8 s is employed for the temporal discretization. In consideration of the minimum grid size 1 × 10 −5 m, the reference velocity 40 m/s and the sound speed 340 m/s, a Courant number (Courant-Friedrichs-Lewy condition) close to 0.95 is achieved.
More details about the numerical schemes, and evaluations on a flat-plate boundary layer case, can be found in Ref. 39 .
B. Grid and boundary conditions
The blade-to-blade mesh is drawn in Fig. 3 for every fourth point. Only one blade passage is simulated. The sand-papers used in the experiment are considered in the LES by removing some grid points at the same locations. This mesh is duplicated along the spanwise direction into 481 planes (half span) to obtain a 3-D mesh. The sizes of the grid at the wall, in wall units, are ∆x + ≤ 60, ∆ y + ≤ 1, and ∆z + ≤ 30, in the streamwise, wall-normal, and cross-stream directions, respectively, on both the blade surface and the end-wall. Therefore, the total number of grid points in the blade passage is about 200 × 10 6 . The inlet plane is located at the same location as the hotwire measurement station (the hotwire station can be seen in Fig. 2 ). The inflow conditions are imposed using a 3-D boundary layer simulation that has been configured to fit the experimental boundary layer (see Section III C for details). The outlet plane is located one chord (in the axial direction) downstream of the experimental outlet, aiming to damp the numerical reflections. For the same purpose, the mesh is stretched near the outlet plane and an explicit filter 40 is also used (details are discussed in Section III D). Since only one half of the blade span is simulated to reduce the computational cost, the mid-span is set to be symmetric and the pitchwise boundaries are connected by a periodic condition. Both the blade surface and the end-wall are set to be non-slip adiabatic walls. The explicit filter is also used over five grid planes near the blade leading edge and the trailing edge to ensure the computational stability (discussion can be found in Section III D).
C. Inflow condition
In order to provide turbulent conditions on the inlet plane of the linear compressor cascade, a 3-D boundary layer simulation on a flat plate is performed in parallel with the blade passage simulation. At the location where the time-averaged displacement thickness δ 1 meets the experimental one (measured by the hot-wire), the fluctuating information is transferred to the compressor cascade inlet at every time step. Moreover, the same shape factor H 12 is found in the experiment and the LES; therefore, the momentum thickness δ 2 is automatically matched.
As regards LES, only the incidence angle 4
• is simulated. The computational domain of the inlet boundary layer is about 2.54 m long, while the width in the cross-flow direction and the height in the direction perpendicular to the flat plate wall are set to be greater than δ 99 and 2δ 99 , respectively. The grid size at the wall is similar to the cascade simulation (∆x + ≤ 60, ∆ y + ≤ 1, and ∆z + ≤ 30) and the number of points for the incoming boundary layer is about 100 × 10 6 . The transition of the boundary layer simulation is triggered at the streamwise location Re x = 3 × 10 5 by a tripping band of 4.8 × 10 −3 m long by 6.73 × 10 −4 m thick. The band is modeled by removing cells from the smooth mesh, and the dimensions are chosen following the work of Boudet et al. 39 However, the thickness of the tripping band is set to be twice the design value in order to achieve the displacement thickness target.
Four quantities, density and the three components of velocity, are transferred from the selected section in the flat plate simulation to the inlet plane of the linear compressor cascade, in order to impose a turbulent boundary layer on the end-wall, as depicted in Fig. 4 . Within the boundary layer region, these four quantities on the selected source plane (filled by "/" lines in the figure) are sent with space periodicity to the linear compressor cascade inlet plane (also filled by "/" lines). Out of the boundary layer, the turbulent intensity is very small in both the experiment and the simulation. Therefore, the free-stream values on the selected source plane (filled by "X" lines) are spatially averaged, then homogeneously imposed on the upper region of the linear compressor cascade inlet plane (also filled by "X" lines). Note that this approach applies at each time step. Some parameters of the inflow boundary layer at the cascade inlet plane are listed in Table II . A good agreement is achieved between the LES and the experiment, with however a 7.6% underestimate of the friction velocity u τ by the LES. Non-dimensional mean velocity profiles are plotted in Fig. 5 . The experimental and LES results are compared with the DNS results of Sillero et al. 41 at Re δ 2 = 6500. The experimental results agree with the DNS. Some discrepancies are seen in the LES results for the region outside the viscous layer, due to the underestimate of the friction velocity u τ .
A comparison of the flow conditions with other linear and annular compressor cascades is summarized in Table III . The Reynolds number and relative boundary layer thickness are comparable to those encountered in other compressor cascades, which implies that the flow condition of the present corner separation configuration is relevant.
D. Explicit filter
Since numerical acoustic reflections are often encountered in unsteady simulations using compressible Navier-Stokes equation solvers, attention should be paid to the outlet condition. The explicit filter introduced by Bogey and Bailly 40 is implemented over the last 20 grid planes upstream of the outlet, aiming at damping the numerical reflections. The five conservative variables ρ, ρu, ρv, ρw, ρe t are filtered. The filter is expressed as follows:
where the magnitude of the filtering is controlled by the amplitude α (0 ≤ α ≤ 0.45) and the exponent β (1 ≤ β ≤ 2). For a given variable q, the filtered value q expresses as
where i, j, and k are the grid indices, with "i" along the axial direction. In this paper, α and β are set as 0.05 and 2.0, according to the experience of Ye.
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It can be seen, through the filter's equation, that the filter can be considered as a smoother in practice. The conservative quantities are smoothed close to the outlet. Inspired by this, the authors also put the filter near the blade leading and trailing edges over five grid points, so that the oscillations can be smoothed. To be sure that the flow field is not disturbed by the implementation of the explicit filter, a test has been previously conducted on a flat plate simulation: an explicit filter was installed in the turbulent boundary layer over 5 grid points near the wall, and the statistic quantities downstream were found identical to the case without the filter.
E. Evaluation of the simulation's quality
In total, 2 × 10 6 CPU hours, on 856 Xeon E5450 4C processor cores, has been consumed for the convergence of the computation and the analysis. About nine periods of advection of the fluid through the inter-blade channel (c/U ∞ ) have been used for the analysis.
In LES, the SGS tensor appears after filtering the Navier-Stokes equations, and it is modeled by the SGS model. The main idea is generally to add some extra viscosity to simulate the diffusion and dissipation processes. Geurts and Frölich 45 proposed a subgrid-activity parameter to characterize the share of the modeled dissipation,
where ⟨ε sg s ⟩ is the SGS dissipation, and ⟨ε µ ⟩ is the viscous turbulence dissipation. According to the definition, 0 s < 1, with s = 0 corresponding to DNS and s = 1 to LES at an infinite Reynolds number. The subgrid-activity parameter is computed using the LES results for both the regions at mid-span and close to the end-wall, as shown in Fig. 6 . The values of the subgrid-activity parameter are always greater than 0, implying that the subgrid-scale model is active in this LES. Meanwhile, the fact that s is less than 0.85 for the whole computation domain shows a good resolution of the mesh, and it also implies that the subgrid-activity is appropriate. At mid-span (refer Fig. 6(a) ), the subgrid-activity parameter is very small for most of the regions. High values are observed close to the blade and in the wake region, suggesting that the SGS model is more active in these zones.
Close to the end-wall, as shown in Fig. 6(b) , the values of the subgrid-activity parameter are more significant, which means that the SGS model plays a more important role close to the end-wall than at mid-span. The highest values of the subgrid-activity parameter are found in the corner separation region and the wake region. These regions of more intense turbulent activity necessitate a stronger SGS dissipation.
IV. RESULTS
In this section, the LES results are going to be validated with the experimental results.
A. Classification of corner separation
The authors would like to classify the corner separation using Lei's criterion, 46 which is very popular.
The diffusion parameter D is calculated from the geometric parameters, while the stall indicator S is computed from the experimental/LES results, and they are shown in Fig. 7 . Interestingly, the D parameter drops in the small corner separation area, but both the experimental and LES stall indicators join the upper branch, indicating a massive corner separation ("corner stall" according to Lei et al.) . The experiment and the LES are in fairly good agreement, and they both controvert Lei's criterion. This criterion was constructed based on RANS simulations over about 100 different cascade geometries, and then validated with the available data in the literature. The criterion was found in agreement with all the rotor data provided, but was not directly compared with stator data. This criterion is very useful in turbomachinery design processes as it is easy to compute with cascade geometric parameters, but the present results suggest it should be re-evaluated.
B. Static pressure coefficient on the blade
The blade surface static pressure coefficient C p = (P s − P s,∞ )/(P t,∞ − P s,∞ ) is an important parameter in this investigation, since the operating conditions of the compressor cascade are easily monitored by it (P s : static pressure, P t : total pressure, and ∞ subscript: inflow conditions). At mid-span, a good agreement is observed between the experimental and LES results, as shown in Fig. 8(a) . On the suction side, C p decreases rapidly and then increases regularly until the trailing edge. This corresponds to the evolution of the velocity outside the boundary layer: the fluid at first accelerates and then decelerates until the trailing edge. On the pressure side, downstream of the fluid acceleration region (the acceleration region begins near the leading edge and ends at about x/c a = 0.15), the pressure is nearly uniform. Towards the end-wall (from Figs. 8(a)-8(d) ), the area enclosed by the C p lines gets smaller, indicating a decrease of the blade loading. It can be seen that the LES results follow fairly well the experimental ones from the mid-span to the end-wall. At the spanwise location z/h = 5.4% in Fig. 8 (c), a plateau (constant static pressure region) appears on the aft part of the blade suction side, due to the corner separation. The beginning of the plateau indicates the onset of the corner separation at the current spanwise location. Very close to the end-wall, in Fig. 8(d) , the onset of the plateau (and thus the separation) occurs earlier, further reducing the area enclosed by the C p lines. Therefore, the blade loading is reduced close to the end-wall by the development of the corner separation.
C. Total pressure losses
Total pressure losses are a key indicator to evaluate the performance of compressors. The expression of the total pressure loss coefficient is given by C pt = P t,∞ −P t P t,∞ −P s,∞ , where P t denotes the local total pressure. It is plotted at the outlet section 1, 0.363 axial chord length downstream of the blade trailing edge, in Fig. 9 . The dots denote the measurement points in Fig. 9(a) for the experimental results by the 5-hole probe. The wakes of the blade and the corner separation are clearly observed, through the higher values of C pt .
According to the contours, a good agreement is achieved between the experimental and LES results. The simulation captures both the extent and the intensity of the losses induced by the corner separation.
In order to get a more direct impression about the losses, the C pt is mass-averaged in the pitchwise direction, yielding a pitchwise-mass-averaged total pressure loss coefficient C * pt , expressed in Eq. (6),
where the density ρ( y, z) is considered to be constant, as the flow is incompressible in this study. This coefficient is plotted in Fig. 9(c) . The LES results match the experimental ones. The pitchwise-mass-averaged losses induced by the trailing edge wake are fairly well simulated by LES. The corner separation losses extend to about z/h = 0.17 according to both the experimental and LES results. Furthermore, the LES accurately predicts the intensity of the losses induced by the corner separation. This demonstrates the capability of the LES to correctly simulate the losses induced by the separation itself, but also by the mixing process downstream of the separation.
D. Mean and fluctuating velocity profiles along the blade suction surface
The LES results have been well validated in terms of turbomachinery parameters: the static pressure coefficient around the blade and the total pressure losses. In order to analyze the turbulent characteristics within the corner separation region, the results' reliability also needs to be checked from the point of view of turbulence, through the mean and fluctuating velocity profiles.
At mid-span
At mid-span, although the quasi 2-D flow in this region appears to be less complex than that in the 3-D unsteady corner separation region, it encounters high adverse pressure gradients and curved geometry effects.
The mean velocity vectors are plotted in Fig. 10(a) . Eight stations are extracted along and perpendicularly to the blade suction surface. According to the 2-D velocity vectors, no separation is found at mid-span. A more detailed comparison is realized by decomposing the velocity into a tangential direction s (parallel to the blade surface) and a wall-normal direction n (perpendicular to the blade surface), see Fig. 10(c) . Figure 11 (a) shows the evolution of the tangential velocity profiles on the blade suction surface at mid-span for each measurement station. They are plotted in semi-log scale. The black lines are the LES results, the blue "x" denote the available PIV results at the last three measurement stations, and the red symbols with the horizontal and vertical bars represent the LDA results and their corresponding uncertainties (horizontal and vertical bars for measurement and location uncertainties, respectively). An excellent agreement is observed between the LES, PIV, and LDA results. From the leading edge to the trailing edge, the boundary layer thickens gradually. Meanwhile, the free-stream velocity decreases. Near the leading edge, the near-wall peak of the tangential velocity corresponds to the near-wall flow acceleration. This peak is reduced when flowing towards the trailing edge, indicating the deceleration of the near-wall fluid. Close to the trailing edge, the near-wall tangential velocity gradient in the wall-normal direction decreases significantly, and so does the wall shear stress, implying that the boundary layer is about to separate.
The velocity fluctuations refer to the root mean square of the Reynolds normal stresses. The tangential velocity fluctuations at mid-span are plotted in Fig. 11(b) , in semi-log scale. A good agreement is observed in the free-stream between the LES, PIV, and LDA results, with very low values. Close to the blade wall, the LES has captured the classic peak region of u ′ s,r ms /U ∞ appeared in the experiment, on the first four measurement stations. Some discrepancies appear on the last four measurement stations. From the first measurement station s * = 0.21 to the last measurement station s * = 0.90, the peak location moves progressively away from the wall. On the measurement station s * = 0.70, a flat region appears around the peak of the velocity fluctuations. With the development of the boundary layer towards the trailing edge, the u ′ s,r ms /U ∞ profile seems to show up two peaks. This two-peak shape is also observed by other researchers in boundary layer flows under adverse pressure gradients. inter-blade channel (e.g., passage vortices 2 ). There is also an influence of the thick end-plate boundary layer, which reduces the mean flow velocity and increases the turbulent intensity. These effects lead to three-dimensional corner separation.
The mean velocity vectors on the measurement stations are shown in Fig. 10(b) and the mean tangential velocity profiles are compared in Fig. 11(c) . The fluid acceleration near the blade leading edge is observed through the near-wall peak of the tangential velocity component ⟨u s ⟩/U ∞ from s * = 0.21 to 0.50. The boundary layer thickens gradually from the first measurement station s * = 0.21 towards the trailing edge, and the velocity gradient associated with the wall friction becomes smaller and smaller. The flow separates around the measurement station s * = 0.60, since the velocity gradient close to the blade wall is nearly zero. Then, the near-wall velocity gradient becomes negative at s * = 0.70, which means that the flow is separated, and the reversed flow region expands downstream. The most intense reversed flow is observed on the measurement stations s * = 0.80 and s * = 0.90. This indicates that the "corner separation center" (the focus of the recirculation region) is located close to these two measurement stations. A very good agreement is achieved on the tangential velocity profiles between the LES and PIV results on the last three measurement stations.
The evolution of the RMS of the tangential velocity fluctuations u ′ s,r ms /U ∞ is plotted in Fig. 11(d) . From the measurement station s * = 0.21 to s * = 0.41, a single peak of u ′ s,r ms /U ∞ is observed, and both the value and the wall distance of the peak grow, as observed for the fluctuations at mid-span. On the measurement station s * = 0.50, a flat region seems to appear around 1 mm from the wall. This flat region forms much earlier than that close to the mid-span, which appears at s * = 0.70 (see Fig. 11(b) ). At s * = 0.60, where the flow tends to separate, two peaks of u ′ s,r ms /U ∞ appear. Downstream, the outer peak decreases but still dominates the inner one. Moreover, the wall distance of the outer peak increases in the separation. On the last three measurement stations, a good agreement is observed between the LES and the PIV around the outer peak. The outer peak is well developed in the corner separation region. It should be noted that from the measurement station s * = 0.60 to s * = 0.90, the outer peak is located much closer to the end-wall than to the blade, which means that the end-wall boundary layer may have more impact on the outer peak than the suction side boundary layer.
V. TURBULENT DYNAMICS
In Sec. IV, the LES results have been very well validated with the experimental data, in terms of turbomachinery performance parameters (static pressure and total pressure losses) and also turbulent boundary layer profiles (mean velocity profiles and fluctuating velocity profiles) both at midspan and close to the endwall. That brings confidence, in using the LES results, to further investigate and to provide more insights into the turbulent dynamics of the corner separation.
In this section, the authors attempt to discuss the turbulent dynamics of the corner separation, in terms of unsteady turbulent structures, one-point velocity spectra, and turbulent anisotropy characteristics.
A. Unsteady turbulent structures
Experiments can capture unsteady flow features within certain areas, but cannot reproduce the whole process of the corner separation vortices formation and breaking down, especially because the uncertainties of the experimental results are significant close to the walls. RANS results can provide an entire flow field, but cannot describe turbulent eddies. The validated LES results therefore are a very good database to illustrate the unsteady turbulent structures of the corner separation, with their formation and breaking down processes.
The well-known vortex identification criterion Q, corresponding to the second invariant of the velocity gradient tensor, 48 is utilized here to illustrate the turbulent coherent structures of the corner separation. The Q-criterion is expressed by the following equation: where Ω i j and S i j are the anti-symmetric and the symmetric components of the velocity gradient tensor (i.e., the rate-of-rotation tensor and the rate-of-strain tensor), respectively. Their expressions are given below as
The Q-criterion represents the local equilibrium between the rotation rate and the strain rate. A positive value of Q indicates a region where the rotation exceeds the strain. 49 A schematic of the compressor cascade with the flow direction is illustrated in Fig. 12(a) . The evolution of the turbulent structures in the corner separation region is shown in Figs. 12 
The iso-lines of the total pressure loss coefficient, which is shown in Fig. 9(b) , are also drawn in these figures. Three instants of the flow are presented. At the time 0, a large-scale hairpin vortex (A) is clearly observed downstream of the corner separation region, as shown in Fig. 12(b) . At the time 2.40c/U ∞ , in Fig. 12(c) , the vortex (A) has broken down and is no longer observed. Later, at the time 4.27c/U ∞ , another large-scale hairpin vortex (B) appears. The vortex is created in the separated region at some instants, and subsequently expelled.
The streamlines close to the wall (z/h = 1.4%) at the same instants are illustrated in Fig. 13 . From t = 0.00c/U ∞ to t = 2.40c/U ∞ , the recirculation region becomes larger. Then, at t = 4.27c/ U ∞ , the recirculation region returns to a small one.
It is then interesting to consider together the Q criterion and the streamlines. At the first instant (t = 0.00c/U ∞ , Figs. 12(b) and 13(a) ), where a small recirculation region is seen from the streamlines, there is a large-scale vortex (A) downstream of the corner separation region. At the second instant (t = 2.40c/U ∞ ), a large recirculation region is observed in Fig. 13(b) , but no vortex can be seen in Fig. 12(c) . At the last instant (t = 4.27c/U ∞ , Figs. 12(d) and 13(c)), the recirculation returns to a small one, and a large-scale vortex (B) is seen again downstream of the corner separation region. This seems to indicate a vortex shedding process, where the release of the hairpin vortex induces a contraction of the recirculation region, followed by a progressive recover up to the next shedding. However, neither the experiment nor the LES has captured any specific frequency of the vortex shedding (the experimental spectra can be found in Ref. 50 ; for the LES, spectra will be introduced later in Section V B). Hence, the authors assume that the unsteady vortex shedding process is aperiodic. This may relate to the bimodal behavior observed previously in the experiment 26 and also in the LES results, 51 and further investigations are ongoing by the present authors.
B. One-point velocity spectral analysis
One-point velocity spectra as well as energy integral length scales can provide insights into how the turbulent kinetic energy (TKE) distributes, i.e., whether the TKE concentrates on largescale eddies or on small scale eddies, and how the TKE develops when going across the corner separation region.
In order to realize these analyses, eight numerical probes have been put in the flow field to capture high resolution signals across the corner separation region (at z/h = 1.4%). They are illustrated in Fig. 14 by red symbols. The first two points are upstream of the corner separation, the third point lies on the mean separation line, and the other points are within the corner separation.
The velocities obtained at these points are decomposed into three components: the tangential velocity component (u s ), the normal velocity component (u n ), and the spanwise velocity component (u z ). The definitions of u s and u n are shown in Fig. 10(c) , and u z points towards the mid-span.
In this paper, the normalization of the one-point velocity spectra follows the approach introduced by Metzger and Klewicki 52 and Perry and Abell. 53 The power spectral density φ uu of the fluctuating velocity u ′ yields
The following relationship is used to normalize the spectrum:
where ω + is given by
and the normalized energy-spectrum is expressed by The evolution of the one-point velocity spectra (tangential, normal, and spanwise components) is plotted in Fig. 15 . For clarity, the results are staggered with one decade between each other, from bottom to top. Inspecting the tangential velocity spectra, the −5/3 slope range is larger for the points upstream of the corner separation region. Going across the corner separation region, the low frequency part of the velocity spectrum increases. This indicates an increase of the energy of the largest eddies. Also, upstream of the corner separation region, the spectrum drops two decades within the plotted range of frequencies. Within the corner separation, it drops six decades. This suggests that the turbulent energy concentrates on the large-scale eddies. The same observation is made from the normal and spanwise velocity spectra in the same figure.
Next, the evolution of the energy integral length scales along the numerical probes is analyzed. The energy integral length scale l is defined by the following equation:
for a given velocity component u. The energy integral length scales along the numerical probes are plotted in Fig. 16 , for the three components of velocity. The length scales are relatively lower upstream of the corner separation, and they increase significantly on the corner separation border. This is consistent with the observation from Fig. 15 . Energetic large-scale eddies develop within the separation region. This may be consistent with the observation of Laval et al. 47 that in a separation region, the near-wall longitudinal streaks of the boundary layer separate and contribute to the increase in the turbulent intensity at large scales.
C. Turbulent anisotropy
The merge of the suction side and the endwall boundary layers and the occurrence of the corner separation make the flow state quite complex, which should result in an unusual level of anisotropy within this area. The level of anisotropy can be measured by an analytical model of Lumley and Newman. According to Lumley and Newman, 55 an anisotropy tensor and two invariants are expressed as The Lumley triangle is defined by
It is plotted in Figs According to the LES, on the first measurement station (Fig. 17(b) ), the flow state begins as two-component turbulence very close to the blade surface. Then, it moves toward the onecomponent turbulence, which corresponds to the first peak of the velocity fluctuations near the wall, as shown in Fig. 11(d) . After reaching the peak toward one-component turbulence, the flow state drops toward isotropic turbulence. Within the corner separation region (Fig. 17(c) ), the flow state goes quite differently. The near-wall peak toward one-component turbulence is less pronounced. Then, the flow state drops rapidly toward isotropic turbulence. This suggests that the flow state is "more isotropic" within the corner separation region. This is consistent with the close values of the integral length scales observed for the three components of velocity in Fig. 16 .
VI. CONCLUSIONS
The objective of the present study was to investigate the characteristics of the corner separation encountered in a linear compressor cascade. The LMFA-NACA65 linear compressor cascade, with a chord-based Reynolds number Re c = 3.82 × 10 5 , has been designed and investigated experimentally in a previous work. A detailed and accurate experimental database about corner separation has been built up. In the present work, a wall-resolved LES of this configuration has been carried out and analyzed.
The boundary conditions, especially the inflow condition, are treated and validated very carefully in comparison with the experimental results. The subgrid-activity of the simulation proves to be satisfactory.
The fidelity of the LES results is assessed with experimental results. The corner separation at the junction between the end-wall (hub) and the blade suction surface is captured by both the experiment and the LES. The LES appears to accurately predict the corner separation in terms of (i) the blade static pressure coefficient, (ii) the total pressure loss coefficient, (iii) the mean velocity profiles, and (iv) the velocity fluctuations along the blade suction surface.
By inspecting the evolution of the turbulent structures, it is found that the unsteadiness of the separation envelope may relate to an aperiodic vortex shedding process. Neither the experiment nor the LES has captured a specific frequency. According to the one-point velocity spectral analysis, through the corner separation region, the large-scale energy increases and the turbulent energy concentrates on the largest eddies. The energy integral length scales appear to increase for the three components of velocity. The turbulent anisotropy analysis suggests that the flow state changes significantly from the region upstream of the corner separation to the region within the corner separation and exhibits more isotropic characteristics.
Some work should continue: (i) the relationship between the aperiodic vortex shedding and the bi-modal phenomenon observed in both the experiment and the LES should be further studied; (ii) the turbulent kinetic energy budget that can be obtained from the LES should be analyzed to interpret the turbulent transport nature within the corner separation; (iii) with better understandings of the corner separation mechanisms, an investigation on control of the corner separation should be conducted.
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